This study creates a compendium of gene expression in normal human tissues suitable as a reference for defining basic organ systems biology. Using oligonucleotide microarrays we analyze 59 samples representing 19 distinct tissue types. Of ~ 7000 genes analyzed, 451 genes are expressed in all tissue types and designated as housekeeping genes. These genes display significant variation in expression levels among tissues and are sufficient for discerning tissuespecific expression signatures, indicative of fundamental differences in biochemical processes.
Introduction
With the recently announced completion of the human genome project (8, 21) , greater attention is now focused on defining the biological significance and functional properties of the approximately 30,000 human genes. Towards this end, a fundamental and primary objective is to define global patterns of gene expression that characterize human tissues in normal and disease states. DNA microarrays, along with other high throughput approaches, can successfully elucidate expression patterns which distinguish disease states such as different types of cancers (2, 3, 6, 11, 15, 28) . Individually, these distinguished genes are potential molecular markers or potential therapeutic targets for a disease process (5, 13, 14, 18, 23, 28, 38, 41) .
Establishment of baseline expression patterns in normal tissues is an essential element in accurate interpretation of those changes associated with pathologic states.
In the present study we use oligonucleotide microarrays (GeneChip® HuGeneFL) to analyze expression of 7070 unique sequences in 59 tissue samples representing 19 healthy human tissue types. The purpose is to create a database that can serve as a reference or compendium of expression profiles for studies of human disease. Using a variety of statistical approaches, we identify gene expression patterns that characterize different tissue types. The results reveal striking quantitative similarities and differences among tissues, even for those genes expressed constitutively.
Methods and Materials
Tissue Specimens: 59 human samples from 19 different tissue types were obtained from 49 human individuals including 24 males and 25 females with median age of 63 and 50 respectively (table of demographic information available at www.hugeindex.org, supplement 1). These were provided by tissue banks, surgical procedures or autopsies (Massachusetts General Hospital and
Brigham & Women's Hospital, Boston, Massachusetts) with appropriate IRB consent. The specimens were immediately immersed in liquid nitrogen upon isolation. Each tissue was divided into matched fractions for RNA isolation and histological examination. Only those with normal histological examination were included in this study and medical histories were not a criterion for exclusion.
Histology: Samples were fixed at room temperature in neutral pH phosphate-buffered 10% formalin, dehydrated in graded alcohols, and embedded in paraffin using an automated tissue processor. Four millimeter thick paraffin sections were rehydrated and stained routinely with hematoxylin and eosin. Light microscope examination was performed to confirm normal tissue morphology. Histological sections of the tissues are available at www.hugeindex.org. 6 Gel (5 Prime?3 Prime, Inc., Boulder, CO) and concentrated by ethanol precipitation. In vitro transcription was performed to produce biotin-labeled cRNA using a BioArray HighYield RNA Transcript Labeling Kit (Affymetrix) according to the manufacturer's instructions. cRNA was linearly amplified with T7 polymerase. The biotinylated RNA was cleaned with RNeasy Mini kit (Qiagen, Valencia, CA). 20 µg of labeled cRNA was fragmented and hybridized using the protocol described previously (25) . Briefly, the hybridization mixture was incubated at 99 °C for 5 minutes.
followed by incubation at 45 °C for 5 minutes. The hybridization was then carried out at 45°C for 16-18 hours. After being washed, the array was stained with streptavidin-phycoerythrin (Molecular Probes, Eugene, OR), amplified by biotinylated anti-streptavidin (Vector Laboratories, Inc., Burlingame, CA), and then scanned on an HP Gene Array® scanner. The intensity for each feature of the array was captured with Affymetrix GeneChip® Software, according to standard Affymetrix procedures (25) by performing typical scaling (with target intensity of 100) and normalization for all probe sets.
Quality control of samples:
Approximately 50% of total RNA collected from tissues were discarded secondary to unsatisfactory quality on a 1% agarose gel. Each probe array contains several prokaryotic genes (e.g. bioB, bioC, and bioD are genes of the biotin synthesis pathway from the bacteria E.coli, Cre is the recombinase gene from P1 bacteriophage), which serve as hybridization controls. In addition, expression levels of 3' to 5' for both ß-actin and GAPDH were evaluated, the 3'/5' ratio should be less than 3 according to the manufacturer's instructions.
Data failed to meet this criteria were excluded from analysis.
Statistical Analysis:
The Affymetrix GeneChip® 3.1 Expression Analysis Algorithm present (P) or absent (A) calls were used to identify maintenance/housekeeping genes. All genes with a present call in at least one sample of each tissue type were included in the maintenance/housekeeping set (marginal (M) calls were conservatively treated as absent). A hierarchical clustering algorithm (AGNES)(22) in the statistical analysis package SPLUS(37) was used to group the tissue samples using only the housekeeping genes. Using the "Manhattan" distance metric, variables standardized and the "Ward" linkage algorithm, the 451 housekeeping genes alone were sufficient to clearly group the different tissue types.
To identify tissue-selective genes, we used a two-tailed t-test to distinguish the gene expression levels in each tissue type from all other tissue samples at a 99.99% confidence level. The two tailed t-test makes underlying assumptions about the distribution of the data, and this high confidence level was chosen to ensure that the list of tissue-selective genes obtained would still be reasonable, even though the assumptions may be met only in part(34). The tissue-selective genes obtained were ranked by their significance value, which determines the probability of observing a given level of discrimination for a gene by random chance. The lower the p value, the better the tissue-selective nature of the gene. A subset of ninety-eight genes with the lowest p values, 14 from each tissue-selective subset from the brain, kidney, liver, lung, muscle, prostate and vulva, were then used in a Principal Component Analysis (PCA) to separate the tissue samples in PC space. Before performing the PCA, the data was autoscaled such that each gene had a mean of zero and unit standard deviation . This analysis was done using MATLAB®. 8 Finally, the coefficient of variation (standard deviation/mean) for each tissue type was calculated to identify the tissue-variant genes.
Results

Housekeeping or maintenance genes and their tissue-specific expression patterns:
The Affymetrix GeneChip® 3.1 Expression Analysis program uses a conservative call system to identify gene expression as "present" or "absent" among 7070 unique sequences on each microarray. All 19 tissues in this study were analyzed and a set of 451 genes with unique GenBank accession numbers (Supplement 2, www.hugeindex.org), 6.4% of 7070 unique sequences were identified as "present" in all 19 tissue types. This set of "housekeeping" or "maintenance" genes encodes proteins mediating a variety of basic cellular functions including intermediary metabolism, gene transcription, protein translation, cell signaling/communication, structure/motility, and other unclassified functions (1) (Fig.1) . Most of the ribosomal protein genes are included in this set. Overall, these housekeeping genes define basic cellular processes and could be used as a reference standard when comparing gene expression studies.
A subset of 535 "housekeeping genes" was previously reported from 11 fetal and adult human tissue samples (39) and 358 genes are common to both lists. An important result in both studies is that the majority of the genes commonly considered to have a housekeeping function (e.g. ß-actin and glyceraldehyde-3-phosphate dehydrogenase) exhibit considerably variable expression levels from one tissue type to another. In fact, we found that quantitative expression profiles for the maintenance/housekeeping genes alone exhibit unique patterns for each specific tissue type.
In particular, using a hierarchical clustering analysis of the 451 housekeeping genes, we successfully clustered different tissues according to tissue type (Fig.2) . We observed that all clusters were derived from two major branches: one branch contains the hematopoietic, reproductive, urinary tract and gastrointestinal systems while the other major branch contains the nervous, muscular and liver systems.
We also identified the fifteen most highly expressed genes among 451 (Table 1a) . They are primarily ribosomal proteins along with ß -actin, GAPDH, and genes associated with defense/cell death (clusterin, metallothionein 2A). In addition, the coefficient of variation (CV)
for each of the maintenance/housekeeping genes was calculated and the fifteen genes with the highest and lowest CV were designated as most variable genes and most constant genes, respectively (Tables 1b & 1c Kidney-selective genes include those known to be highly expressed in this organ such as uromodulin ( Tamm-Horsfall glycoprotein), a -enolase, and ion transporters (e.g. Na+/K+ transporting, ß1; Na-Cl electroneutral thiazide-sensitive cotransporter; K -inwardly-rectifying channel; bumetanide-sensitive Na-K-2Cl cotransporter, amiloride-sensitive epithelial sodium channel, and amiloride binding protein 1). In addition, hydroxysteroid (11-beta) dehydrogenase 2 (11 beta-HSD2), a gene that inactivates glucocorticoids and prevents them from binding to the non-selective mineralocorticoid receptor, is also highly expressed. In the kidney, it is this NAD dependent high affinity isoform which is thought to endow specificity on the receptor comprising nature of an autocrine protector of the mineralocorticoid receptor and play an important role in cardiovascular homeostatic mechanism(24).
As anticipated, the liver-selective genes include those associated with the coagulation pathway known to be associated with disease phenotypes. For example, the Na-Cl electroneutral thiazidesensitive cotransporter is the target of a major anti-hypertensive diuretic and mutations in this gene can cause Gittelman's syndrome, an autosomal recessive disease characterized by diverse abnormalities in electrolyte homeostasis (7, 36) . In addition, aldose reductase plays a key role in the diabetic complications of kidney, nerve and retina (10, 19, (29) (30) (31) . We also observed similar distribution patterns of CV for brain, liver, lung, muscle and vulva and identified small subsets (< 2 %) of genes that are highly variable (www.hugeindex.org). In lung, the most variant genes include integrin ß 2, which has been shown to predispose individuals to recurrent bacterial infections (16, 20) and antileukoproteinase, which is involved in several chronic and acute diseases of the respiratory tract (4, 35) . In liver, the most variant genes include insulin-like growth factor 2, a putative susceptibility factor for obesity (9, 12, 32) ; fibrinogen ?, defects in this gene are a cause of thrombophilia (26, 27) ; and hepatic lipase, a complete deficiency causes coronary atherosclerosis and premature dyslipidemia (17, 33) . Each of the other 13 tissue types contains samples from less than 3 different individuals. Therefore CVs were not calculated.
Discussion
In 1965, Watson et. al. (40) defined the housekeeping genes as those genes that are "always expressed" in every tissue to maintain cellular functions. This study is the largest quantitative survey, evaluating ~7000 expressed sequences from 19 normal adult human tissue types. We identified a subset of 451 genes expressed in all normal adult human tissue types. This result supplements a previous report of 535 genes that were expressed in eleven fetal and adult tissues (39) . 358 of these maintenance/housekeeping genes are common to both lists. Functional annotation revealed that these genes participate in many active cellular processes.
We also found that expression of many of these maintenance/housekeeping genes is highly variable. In particular, we report here that these maintenance/housekeeping genes alone contain "tissue-specific" expression patterns (Fig. 2) , which may be used to distinguish an individual tissue type. These results suggest that the gene expression patterns of maintenance /housekeeping genes reflect intrinsic differences among the individual tissues, most likely related to differences in metabolic activity and cytoarchitecture. The ability of housekeeping genes to define different biological states suggests that they may be suitable for distinguishing different disease states as well. In a practical sense, these genes could be used as standard controls on all gene expression studies to facilitate data comparison among laboratories and across platforms.
We identified subsets of genes that are highly expressed in one tissue type but not in others. We labeled these "tissue-selective genes" rather than "tissue-specific genes" since very few were expressed in only a single tissue type and a number of human tissues were not included in our analysis. These tissue-selective genes, ranging from 75 to 621 genes per tissue, have enough power to provide class prediction using a 3 dimensional principal component analysis.
Additionally, these subsets of genes are found to be closely associated with the major functions carried out by each specific tissue type, e.g. genes related to myelin proteins and glial differentiation in brain; genes involved in coagulation and complement pathways in liver; genes associated with channels and transporters in kidney; and genes for pulmonary surfactant proteins in lung. We suggest that these genes may represent potential "signature" genes for the specific tissues with the important caveat that more tissues need to be sampled (e.g., endocrine system) to refine the "tissue-selective" fingerprints. Furthermore, on-going efforts to deduce the functions of orphan genes will benefit from defining those that have tissue-selective expression patterns, as this will highlight a limited number of biological processes that should be considered.
Although all samples used in this study are normal tissues from a histological perspective, one important observation from our study is the demonstration that, for a given tissue, different individuals have a small set of genes with highly variable expression. Logically, tissues from either biopsy or autopsy often contain multiple cell types, which are in various states. It is conceivable that the variations are due to differences in the cell types and their states when the tissues were collected. In addition, the differences of age, gender, underlying health and medications may also play roles in the variation. Further studies will be needed to address these issues. Even so, the presence of tissue-variant genes is consistent with the notion that the genotypes and the inherent plasticity of human tissues of an individual may contribute to genespecific expression. were omitted from hierarchical clustering analysis due to poor quality of chip data. Tab.1c. Fifteen most constant housekeeping genes among 451. 
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